Abstract Several tests on white mortar, microconcrete, concrete and self-compacting concrete, considering different additions and admixtures, were conducted to characterize white cement and determine the corresponding Feret coefficients.
Introduction
Based on the Faury method [1] and on the Feret expression [2] , Lourenço [3] developed a method to predict the strength of regular concretes, i.e., gray, normal weight, normal consistency and normal strength concretes. During years, concrete mixtures, with different types of cement and different types and quantities of additions, were designed and tested to determine the corresponding Feret coefficients. This method has been used, with success, to design concrete mixtures to be applied in cast-in-place reinforced concrete structures, mainly buildings but also bridges, as well as in precast reinforced concrete elements.
White concrete has been used, in the past, basically on non-structural precast elements. Recently, some requests have been addressed, essentially to the precast industry, in order to produce white reinforced concrete elements with special architectonic requirements. Therefore, although the production of white concrete is a known process, some aspects must be taken into account in the mixture design of structural elements.
Self-compacting concrete (SCC) was first developed in Japan with the objective of achieving high durability concrete structures, independently of workmanship quality [4] . SCC presents major advantages, in relation to regular concrete, that contribute to achieve better quality concrete structures: better finish surfaces; and no need for vibration [5] . The consequent savings of manpower and equipment represent a significant economical advantage and the reduction of noise plays a key role, especially for precast industries, since it leads to better labour conditions.
White concrete, designed with SCC technology, would allow the production of precast, as well as on site, structural elements of higher quality with special aesthetic demands, fulfilling all the requirements previously mentioned. However, in order to predict the compressive strength of white self-compacting concrete (WSCC) it would be necessary to determine, first, the Feret coefficients for this new material. This has been defined, therefore, as the main objective of the study described in this article.
Previous studies

The feret expression
The expression of Feret relates empirically the compressive strength of a concrete with its compactness and dosage and type of cement [2] :
where f c, j is the value of the compressive strength, in MPa, j days after the mixture; K 1, j is the Feret coefficient, associated to the binder characteristics, j days after the mixture; and γ is the compactness of the binder paste, while fresh, given by:
being ν, the absolute volume of the binder components; and I, the voids index. Re-writing expression (1) as follows:
it is possible to determine values that correlate the percentages of cement and additions, for a given binder, with the compressive strength of the concrete [6] .
Feret coefficients for regular concrete
Lourenço [3, 6] tested several concrete mixtures, with different types of cement, II 32.5, I 32.5, and I 42.5, with quantities, varying from 5% to 30%, of different types of additions, fly ash and silica fume, and determined the corresponding Feret coefficients. In Table 1 , 
Experimental program
Materials
The materials used in this investigation were a Portland cement type BR I 42.5 (Table 2) ; two additions-a limestone filler and a white silica fume (Table 2) ; three limestone crushed aggregates and two natural siliceous sands (Table 3) ; and a polycarboxylate type superplasticizer (Table 3) .
White mortar, micro-concrete and concrete
The first tests were performed with the three mixtures presented in Table 4 : a standard mortar to test cements; and a micro concrete and a concrete mixtures, both defined using the Faury method [1] . The results of the tests are presented in Table 5 . After obtaining the compressive strength for each mixture, the Feret coefficients for 1, 7 and 28 days were calculated. These results are presented in Fig. 1 .
The following conclusions, related to the Feret coefficients, can be drawn:
1. K 1, j increases with time. This is because the compressive strength increases with time for the same mixture (same γ ); 2. K 1,7 and K 1,28 decrease when concrete replaces mortar. The justification for this result is based on the fact that the compressive strength depends on the relation between the mortar and the coarse aggregates.
With the increase of the maximum size of the coarse aggregates, the heterogeneity of the internal stress state is also increased. Furthermore, the coarse aggregates used have low mechanical characteristics. For these reasons, when concrete replaces mortar, K 1, j decreases; 3. K 1,1 are similar because low compressive strength values were reached, being the differences between the three mixtures not noticed. 
White concrete with different additions and admixtures
These tests were performed with mixtures obtained from the first concrete mixture by varying the binder, introducing two additions and an admixture. All the mixtures, shown in Table 6 , were defined using the Faury method. The tests results are presented in Table 7 . With the compressive strength of each mixture, the Feret coefficients were calculated for 1, 7 and 28 days and are given in Figs. 2 and 3. Analyzing the results of the Feret coefficients, it is possible to conclude that:
1. K 1, j increases with time; 2. K 1, j decreases when, in a mixture where the binder is cement, 5% c.w. (in cement weight) of limestone filler is added. Again, the same happens when 20% c.w. of limestone filler is added. This result is due to the fact that this filler has no pozzolanic properties and the water-cement ratio is increased; 3. K 1, j increases when, in a mixture where the binder is cement, 5% c.w. of silica fume is added. This result is due to the fact that this filler has pozzolanic properties; 4. K 1,1 increases when an admixture is added. The reason for this fact is that, when the admixture is used as a water reducer (since it leads to a better dispersion of the cement particles), it decreases the water/binder ratio, resulting on a higher compactness. Moreover, it also increases the velocity of the clinkers reactions with water, as a consequence of a bigger concentration of the reagents in the mixture, resulting in a faster increase of compressive strength; 5. The Feret coefficients obtained for white concrete are similar to those determined by Lourenço [3, 6] for gray concrete.
White self-compacting concrete (WSCC)
The WSCC mixtures considered are presented in Table 8 . These mixtures were defined using the methods recommended by Okamura et al. [4, 7, 8] and by the Japan Society for Civil Engineers [7, 9] . To test and classify the fresh concrete, namely to assess the ability to flow of the WSCC, several tests were used [10] : the slump flow test, the European L Box test, the V funnel test and the modified settlement column test. The slump flow test evaluates the flow capacity of the SCC, by measuring the speed of the flow and the final spread (Fig. 4) , under its own weight [9] . This is one of the most used tests to evaluate the consistency of a SCC. It has the advantage of providing a good assessment of the filling ability of the concrete and it can be performed in laboratory as well as on site. There is no specific worldwide assumption in relation to the reasonable value for the final spread of concrete. Several suggestions are available, based on different experiences [11] [12] [13] . The results for the four mixtures were very similar and are shown in Table 9 .
With the European L-Box [14] test it is also possible to evaluate properties such as the filling ability, blocking and segregation. The test consists on filling the vertical section with concrete; lifting the gate; and allowing the concrete flow through the horizontal section (Fig. 4) . The time needed for the concrete to reach The V-funnel test [15] consists on measuring the time the concrete takes to flow through a narrow opening until a light is seen from above and through the funnel-flow time. With this test it is also possible to evaluate the resistance to segregation. Some researchers suggest for the flow time values between 4 and 10 s [14] , and others values between 7 and 11 s [4] . The result for the flow time was of 10 s.
The objective of the settlement column test [15] is to quantitatively assess the capacity of a SCC to resist to segregation. The test consists on filling the column; striking the mortar table and taking samples from the top and the bottom doors. These samples must be washed out and dried before their mass is determined. The ratio between the values obtained from the top and the bottom samples is proportional to the capacity of the concrete to resist to segregation. Rooney and Bartos [15] suggested that values between 0.782 and 1.048 would be acceptable. The result for the Settlement column test was 0.95.
The compressive strength of the hardened WSCC was also determined and the results can be seen in Table 9. After obtaining the compressive strength for each mixture the Feret coefficients were calculated for 1, 7 and 28 days. These results can be observed in Fig. 5 .
It is possible to take the same conclusions over the Feret coefficients for the WSCC that have been taken for the regular concrete mixtures:
1. K 1, j increases with time; 2. K 1, j decreases when, in a mixture where the binder is cement, 5% c.w. of limestone filler is added. Again, the same happens when 20% c.w. of limestone filler is added; 3. K 1, j increases when, in a mixture where the binder is cement, 5% c.w. of silica fume is added; being the pozzolanic effect of the filler much more significant in this case than in the case of regular white concrete, previously presented; 4. K 1,1 increases when an admixture is added; the velocity increase of the clinkers reactions with water is also much more important in this case than in the case of regular white concrete.
Conclusions and future developments
Conclusions
It is possible to design different mixtures of WSCC with the materials adopted. The method suggested by the Japan Society of Civil Engineers is the one that better adapts to the studied mixtures.
The obtained values of the Feret coefficients can help concrete designers predict the compressive strength of WSCC.
The Feret coefficients for WSCC are different from those for regular, white or gray, concrete.
Future developments
It would be interesting to modify the Faury method in order to obtain better results with SCC.
Further tests should be conducted to explain the observed different influence of white silica fume on regular, white and gray, concrete and on WSCC.
